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short-term feeding regulation; model; student experiments MANY PHYSIOLOGICAL EXPERIMENTS designed for laboratory instruction use dissected preparations, and it may be hard for students to relate their observations to the functioning of the intact animal. Alternative, albeit less direct, approaches using minimally invasive techniques can provide valuable insights. Because behaviors are the ultimate output of their underlying physiology, a close study of a behavior can provide a window on this physiology. Such studies are noninvasive, leading to models that can then be tested by more invasive techniques. They can additionally serve as bench marks for more invasive work; conclusions based on more invasive techniques must be consistent with the noninvasive observations. Short-term regulation of feeding behavior has been successfully studied in this way. Considerable ingenuity has gone into devising techniques to examine its microstructure in a variety of animals. These studies address issues such as, What is the underlying physiology controlling whether and how feeding begins, how is a meal eaten (e.g., rate and amount), and what may be causing the meal to end?
The value of examining the microstructure of feeding has long been recognized in vertebrates. In 1951 Hill and Stellar (14) described an electronic drinkometer they developed for rats. Methods of recording eating continuously soon followed. The fruits of this research constitute a vast literature, reviewed by Le Magnen (15) . Flies and locusts are the invertebrates that have been the most intensively studied, but interest has also been directed to herbivores that are crop pests, for example, caterpillars and some beetles. Detailed examination of individual elements of the feeding behavior of flies began with Minnich's (16) observations that flies will extend their probosces and attempt to drink if the feet are stimulated with sugar. This approach has been extraordinarily fruitful (8). However, studies of the details of whole meals taken by insects, comparable to those conducted on vertebrates, have begun only relatively recently (20).
These and countless other studies on many animals have led to the development of models of control of eating. In all animals feeding is regulated by a complex interaction of excitatory and inhibitory inputs, consisting of both intrinsic and extrinsic factors. The information provided is integrated within the central nervous system and results in a feeding behavior. Excitatory input includes the stimulating effect of the food on taste receptors and how that is interpreted centrally (i.e., palatability).
Inhibitory input includes postingestive stimulation of stretch receptors indicating fullness. This model was first developed by Gelperin (12) and Dethier and Gelperin (10) . A simplified version is shown in Fig.  1 (see Fig. 1 legend for a more detailed development).
The elements of this model can be illustrated from our own experience. We eat more of more palatable foods; there is a whole industry devoted to improving food palatability.
We also say that we are "stuffed" when we have eaten a large meal. Our stomachs feel stretched, and we may even refuse a tempting dessert. Rolls et al. (18) found that their subjects rated a food less palatable after they had eaten it than they had beforehand. Physiological changes not directly related to food may also affect eating. Bowen and Grunberg (4) , for example, found that preference ratings and consumption of sweet foods were significantly higher in women during the premenstrual period than at other times during the menstrual cycle. Ratings and consumption of other foods did not change. Each of these observations can be matched by similar observations on the blowfly. A recently fed fly will not extend its proboscis in response to a concentration of sucrose that is highly stimulating to a hungry fly (9). Feeding leads to swelling of the abdomen, and nerves have been identified that respond to abdominal stretch. Cutting these nerves removes the inhibition that normally stops feeding, and the flies may imbibe so much sugar solution that they burst (13) . In female blowflies the volume of protein ingested changes with phases in the reproductive cycle (7). These comparisons illuminate the fundamental similarities among all animals, a reflection of the importance of the control of feeding and its role in homeostasis.
It is the excitatory and inhibitory factors, along with the internal state, that constitute the underlying physiology of short-term feeding regulation. It is to understand these factors, exactly what they are and how they have their effect, that these studies are currently addressed.
Examining the microstructure of vertebrate feeding is inherently expensive. Insects, however, are much cheaper and, in the light of demonstrable similarities and in the interests of comparative studies, make interesting subjects. This paper describes a simple inexpensive apparatus (1) for examining details of caterpillar feeding that can be readily used in a teaching situation. thick bar) has just ended, and inhibitory activity is at a maximum. Addition of excitatory stimulation changes integrated activity but cannot raise it above threshold for eating. With passage of time, food is digested, gut becomes less full, and inhibitory activity decreases. When excitatory input then becomes available (b), integrated activity is well above feeding threshold, and a meal begins. As animal eats, inhibitory input increases and thus integrated activity decreases until it falls below threshold. At this time (c), meal ends, even though excitatory stimulation is still present.
MATERIALS AND METHODS
The principle on which the automated cafeteria is based is that a junction potential develops at the exposed tip of a fine conductive wire immersed in a conductive fluid. If the wire or the fluid moves, changes in potential occur. In conventional electrophysiology such changes are labeled movement artifact and are carefully filtered out. In the present situation, however, the changes can be related to the activity of the animal. No current is injected into this apparatus, even though electrical activity is being measured.
Tobacco hornworm (Munduca sex@ caterpillars were the animals used in the initial studies, and they are highly suitable for teaching purposes because 1) they are easy to get because they (and their food) can be bought from suppliers, 2) they have a convenient horn into which the recording wire can be slipped, 3) they grow to a good size and so are easily handled, and 4) they are not very active and that also makes them easy to handle. Caterpillars eat the most toward the end of the last (Vth) instar. Once the dorsal aorta is visibly pulsing, however, the animals are too close to pupation to eat. Thus an animal of 4-5 g (about half way through the prepupal instar) is the most interesting to test.
The apparatus is simply a circuit containing the caterpillar, its food, and a measuring device, e.g., a chart or tape recorder. The circuit is completed when the caterpillar is touching the food (Fig. 2 ). All that is needed is some means of connecting the caterpillar to the recording device and some means of connecting the food to the recording device. Fine insulated wire (e.g., 40-pm diam stainless steel wire insulated with triamel; Johnson Matthey) is used to connect the caterpillar to the circuit as follows. A piece of wire long enough to reach from the caterpillar to the input of the recorder, but not so long as to allow tangling, is cut off, and the insulation is removed for 2-3 mm at one end and 2-3 cm at the other end by means of fine sandpaper. A small drop of low-melting point paraffin (-2 mm diam) is placed on a convenient holder (an old mounted dissecting needle serves the purpose well) before the caterpillar is prepared. The animals can be anesthetized by cooling in ice for -15 min, but that is not necessary. A small hole is pricked or cut about one-third of the way up the horn of the animal by means of a sharpened insect pin or iridectomy scissors, and the end of the wire with 2-3 mm insulation removed is slipped into the hole to a depth of 3-4 mm. There will probably be a little bleeding. The waiting drop of paraffin is then melted and, just before it has solidified again, dropped on the wire at the point where it emerges from the caterpillar. This amount of paraffin should seal the wound and hold the wire in place against the horn (Fig. 3A) . The caterpillars seem unaffected by this operation and can be tested soon after they are prepared. Fine wires will not attach directly to recording devices so when the caterpillar is put into the recording arena the free uninsulated end of the wire can be held by a stainless steel spring and that way can be attached to the recorder.
One normal food for tobacco hornworm caterpillars is tomato leaf. It can be connected to the recording device as follows. Disks of tomato leaf 22 mm in diameter are cut and impaled on pin plugs (simple electrical connectors with a pin at one end and wires leaving the other end) (Fig. 3B ). Caterpillar and food are contained within an arena. Six pin plugs to hold leaf disks are embedded at equal intervals around the periphery of a platform, which can be made from paraffin using a g-cm diam Petri dish as a mould. The connectors are positioned such that the pins point up, with the bases a little above the platform. If the bases are level with the platform, the leaf is hard for the caterpillars to get at. The bottoms of the pin plugs are below the platform so that the wires that leave them are out of the way of the animals. Electrical contact between leaf disk and pin plug is ensured by means of 1% agar made up in 10 mM NaCl. A drop of the liquid agar is put on the base of the pin, a disk of leaf that has been dipped in agar is impaled on the pin and pushed over the layer of agar, the exposed part of the pin is then covered by an insulating sleeve (e.g., a piece of plastic tubing), and another drop of agar is placed on the leaf disk and allowed to seep around the base of the pin plug and solidify. Other kinds of disks may also be offered. Wheat germ medium disks can be made from the food the animals are being reared on, usually supplied along with the animals. This is done by adding 0.2 g agar to 20 g food, warming the mixture until it is liquid, pouring it into the bottom of a g-cm glass Petri dish, allowing it to harden, and then cutting out disks using a no. 10 cork borer. Larger disks will crumble. Munduca will also eat glass fiber disks (Whatman GF/A, 2.1 cm) or disks of agar (6). The glass fiber disks can be saturated with experimental solutions, such as leaf extracts, different sugars, alkaloids, or salts. These solutions must be made up in a dilute salt (5 or 10 mM NaCl) to ensure conductivity. Agar disks (2%) are made by adding 0.4 g agar to 20 ml 10 mM NaCl plus the experimental material, heating, pouring into a g-cm Petri dish, allowing the mixture to solidify, and then cutting with a no. 10 cork borer. A small hole must also be cut at the center of each disk using the smallest cork borer or the disks will split when they are put on the pin plugs. Both glass fiber and agar disks should be held in place with a drop of liquid 1 or 2% agar in 5 or 10 mM NaCl. The pin plugs holding the food disks are connected to the recording device by means of insulated wires. An inverted transparent plastic cup with the bottom cut out (for exit of wire from the caterpillar) surrounds the arena so that the animal cannot escape. Any convenient recording device can be used to record activity. I am currently using a Narco physiograph MK III S with universal couplers. In the past an older version with less sensitivity was used, and in that case Grass P511 preamplifiers were interposed between the active circuit and the recording device. If stray electrical noise is a problem, the experimental arenas can be shielded by placing them in a grounded Faraday cage.
One or 2 h of observation should be sufficient for each of the experiments suggested below. Measurements that will give useful information with the least analytical effort are probably 1) percentage of time spent eating and 2) normalized number of bites. The latter is a function of both time spent eating and of bite frequency. Log survivor curves are also useful analytical tools. The shapes of these curves give valuable information with respect to the probability that an event will end (21). These curves are constructed by plotting the log of the number of events greater than a given value against that value. For example, if there are 10 chewing bouts all longer than 6 s, 9 longer than 8 s, 8 longer than 10 s, etc., then the log of 10 is plotted against 6, log 9 against 8, log 8 against 10, etc. A convex shape indicates that the probability that the event will end increases the longer and/or greater the event is, a concave shape indicates that the probability decreases as the event becomes longer and/or greater, and an exponential curve indicates that there is no relationship between the length and/or size of the event and the probability that it will end. Comparisons between experiments can be made by normalizing the data [(length of time spent in behavior/duration of experiment) x 1001.
Supplies (With Suggested Sources)
The following supplies are needed: fine wire (Medwire), pin plugs and connecting wire (electronics supply house, e.g., Gerber Electronics), arena (home made), and recording equipment (e.g., Narco physiograph).
Caterpillars plus food and rearing instructions can be gotten from biological supply house (e.g., Carolina Biological). If food is not supplied, the following is a recipe that works well (L. Schwartz, personal communication). Artificial wheat germ medium (serves ~30 Vth instar caterpillars): beat 800 ml boiling doubly distilled HZ0 and 19 g agar (Fisher) together until smooth. Then add 100 g wheat germ (l/2 fine, l/2 toasted; from supermarket), 50 g casein (US Biochemical), 30 g yeast (US Biochemical), 40 g sugar (supermarket), 15 g Wesson salt mix (US Biochemical), and 5 g alpha cell (Bioserv) and blend. The mixture should be liquid but cool; then add 0.6 g methyl paraben (US Biochemical), 2 g sorbic acid (US Biochemical), 12 g Vanderzant insect vitamins (US Biochemical), 6 g ascorbic acid (US Biochemical), 4 g streptomycin sulfate (Sigma), and 1 g cholesterol (Bioserv) and blend. Add 4 ml raw linseed oil (nearest hardware store) and 3 ml 37% formaldehyde (Fisher Scientific) and blend until smooth. Pour the mixture into baking pans and cool until gelled. Cover and cool on bench for 8 h or overnight and then refrigerate.
RESULTS

AND DISCUSSION
Caterpillar feeding behavior consists of a sequence of activities generating movement artifacts that are characteristic for each behavior. When the animals touch a potential food (e.g., a leaf) they begin to explore it, moving the head, palpating the food, taking an exploratory bite or two, and then, if the food is acceptable, getting the head and mouthparts into a suitable orientation for eating. This exploration creates erratic electrical changes. Individual components, except for the exploratory bites, are not distinguishable (Fig. 4A) . The caterpillar then begins to eat by munching along the edge of the leaf. Each bite generates a regular, slow spike. Note that it is the regularity and not the size of these spikes that distinguishes them as representing bites (Fig. 4, C and D) . Eating continues for some seconds, and then the animal stops and may rest for a while and/or explore the leaf then it touches and explores (E), and chewing follows (C). Note how erratic traces are during E compared with those during C. B: after chewing for a while, larva stops and rests (R, trace flat), explores a little (E, trace erratic), and then begins chewing again. C: in this experiment, animal was chewing quite slowly so that regularity of traces associated with each bite is clearer. D: feeding on wheat germ medium. This is beginning of a long (>5 min) chewing bout. Regularity of biting traces is especially evident in this record. Stars, individual bites. N, nibble (biting at a rate of 4 again (Fig. 4B) before resuming eating. If after some time eating is not resumed, the meal has ended. It is thus possible to identify and quantify each activity and to recognize and quantify the following additional behaviors: 1) chewing bout, a period of nonstop biting; 2) bite frequency, number of bites in a chewing bout divided by chewing bout duration; 3) nibbling, biting at a frequency of <l bite/2 s; 4) meal, a series of chewing bouts separated by periods of resting and/or exploring lasting <2 min [a meal is defined as having ended if 2 min has elapsed since the last bite (3, 17) ]; and 5) intermeal interval (IMI), time elapsed between meals.
When tomato leaf was the available food, an average meal lasted 3.33 min and consisted of six chewing bouts, each lasting 24 s. An average IMI lasted 20 min, mean bite frequency was 1.56 bites/s, and 13% of the time was spent feeding. When wheat germ medium was the food, " an average meal lasted a little less than 2 min and contained almost three chewing bouts of 35 s duration. The average IMI lasted 30 min, mean bite frequency was 1.09 bites/s, and a scant 4% of the time was spent feeding (2, 3). With both foods, meals were demonstrated to be controlled by hunger. Volumetric feedback produced by stretch of the anterior region of the midgut as it filled with food was postulated to end meals.
Some Suggested Experiments
The following experiments can all be completed within a 3-h laboratory period. Most will be more interesting if small groups of students do different parts and all pool their data. Technically the experiments are simple, but interpreting the physiology that gives rise to the observations takes careful thought. Consequently the following also includes possible interpretations.
It is always helpful to try to relate observations to the model of Fig. 1 and Refs. 10 and 12.
Observe feeding and correlate behavior ulith recorded activity. Students should watch both caterpillar and record and convince themselves that records do match behavior. The effects of some controlling factors can be seen without additional experimental manipulation.
1)
Observation of the length of some chewing bouts indicates that in caterpillars biting and swallowing are independent of one another (unlike the situation in mammals). Some chewing bouts may last several minutes without a pause. Because the animal is taking in food with every bite, that food must be passing along the gut (i.e., being swallowed).
2) The regularity of the bites suggests that a neuronal central pattern generator plays a role. 3) Examination of the relationship between meal size (measured as duration, time spent chewing, or number of bites) and IMI indicates whether preingestive (hunger) or postingestive (e.g., blood sugar) factors are important physiological factors governing meal size. A correlation between meal size and preceding IMI indicates that hunger has a major controlling role. A correlation between meal size and following IMI indicates that satiety, or some other postingestive effect of eating, is important. 4) Evidence of increasing satiety is shown by slowing down of feeding as the meal progresses (slower rate of biting, longer pauses, shorter periods of chewing). This is evidence of an increasing inhibitory input contributing to the integrated activity. 5) If an animal is dissected immediately after it has ended a meal, the foregut will be found to be fairly empty. The anterior part of the midgut is full, however. This not only demonstrates that the animals have been swallowing while they are biting but also indicates that it is the stretch of a specific region of the gut, namely the anterior end of the midgut, that likely provides negative feedback to end the meal. Other effects can be examined using a more sophisticated analysis of the data (e.g., see Refs. [19] [20] [21] [22] .
Effect of animal size. One would expect larger animals to eat more than smaller ones. How is this accomplished? Do the larger animals bite faster, eat longer meals, or eat more meals? After a caterpillar moults the head capsule hardens and cannot increase in size until the next moult (the body, however, remains soft and does grow). Thus bites cannot get bigger.
Effect of deprivation. When the food available is wheat germ medium the average IMI = 0.5 h. If the animals are deprived for 0.5 h before testing, they will begin to eat very soon after having been put in the arena. If they are not allowed access to food for longer periods, then they will compensate for the deficit. For this experiment only the first meal is important, since after that they are no longer deprived. These animals have been shown to compensate for the deficit (3). How do they do this? Do they bite faster? Is the meal longer? Are chewing bouts longer? Are there more chewing bouts in the meal? This test can also examine whether meal size is controlled by hunger (emptiness of the gut and thus lack of inhibitory input from stretch receptors) or by postingestive factors. If hunger is the important element, then feeding behavior should be sensitive to degree of deprivation.
If, on the other hand, postingestive effects are the most important, then a small degree of deprivation should have little or no effect. Those behavioral elements that are not affected by deprivation will also be informative. For this experiment it would be practical for some students to examine undeprived animals; for a second group to examine animals deprived for, e.g., 1 h; and for a third group to examine animals deprived for, e.g., 3 h; and for the groups to pool data.
Compare feeding on different foods. For this experiment also dividing the students into groups would provide good comparative data. Tomato an .d tobacco are normal preferred leaves. In the laboratory most hornworms are fed wheat germ medium diet, and this can also be used. In the latter case disks should be -10-15 mm. In addition, single chemicals can be presented either on glass fiber disks or mixed in 2% agar and also presented as disks. Is it palatability or postingestive factors that most affect total amounts eaten? The effect of palatability will be immediate (e.g., a smaller first chewing bout), whereas that of postingestive factors will be delayed (e.g., longer IMIs). These experiments can also demonstrate which aspect of the behavior is most affected by palatability and whether it is always the same aspect that is affected (e.g., bite frequency, chewing bout duration). If this type of experiment is performed using animals deprived of food for varying times, the interaction between two factors (palatability and deprivation) can be examined.
Effect of nutritive value of food. Timmins et al. (23) have shown that tobacco hornworms change their feeding behavior when the only available food is of reduced nutritional value. They eat more and thus compensate to some degree. Under these experimental conditions the effect of volumetric feedback postulated to end meals must be counteracted by the postingestive effect of the reduced nutrients on the caterpillar. Nutritional content of the food was diluted to 10, 25, or 50% of normal by adding appropriate amounts of cellulose to the normal diet. Disks can be made of the diluted medium as described above. If the first meal from these disks is different from normal, the diluted food must taste different. The behavioral change may not be immediately apparent, however, in which case the underlying cause is postingestive, perhaps blood sugar concentration.
Comparing the behavior of animals that have been feeding on the diluted food for 24 h before being tested with that of animals that have been eating normal food until the test will indicate whether taste had any role in the change. Feeding behavior on these nutritionally dilute disks can also be compared with that on normal disks.
